We present the first intrinsic analysis of the surface of the [bmim][PF 6 ] room-temperature ionic liquid. Our detailed analysis reveals unprecedented details about the structure of the interface by providing the relative prevalence of different molecular orientations. These results suggest that 10 experimental data should be reinterpreted considering a distribution of molecular arrangements.
We present the first intrinsic analysis of the surface of the [bmim][PF
] room-temperature ionic liquid. Our detailed analysis reveals unprecedented details about the structure of the interface by providing the relative prevalence of different molecular orientations. These results suggest that 10 experimental data should be reinterpreted considering a distribution of molecular arrangements.
Ionic liquids (ILs) have been heralded as the new green solvents and are finding more and more applications due to their ideal physicochemical properties (e.g. non-volatility, non-flammability, 15 stability over wide temperature ranges). Many applications involve processes that occur at the interface, meaning that their optimisation requires a profound knowledge of the true nature of that interface. Unfortunately, this has not yet been achieved, on the one hand, because the accuracy and resolution of 20 experimental methods are still insufficient to provide a detailed and coherent molecular-level description of IL surfaces, 1 and, on the other hand, due to the limitations of standard simulation methods to probe the underlying structure of those surfaces. 2 A major breakthrough in this context was the appearance of novel 25 intrinsic sampling techniques that can clarify the true nature of fluid interfaces at the molecular level. [2] [3] [4] [5] [6] [7] In this communication we apply for the first time our intrinsic sampling techniques 4-7 to a room-temperature ionic liquid. We chose 1-n-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF 6 ]) (see Fig.   30 1), modelled by the force-field of Lopes et al., 8 and carried out very long simulations (80 ns) in a large system (512 ion pairs, with a surface of 5×5 nm 2 ) in order to obtain good statistics. Earlier simulation [9] [10] [11] [12] Fluid interfaces are notoriously difficult to analyse because, due to thermal fluctuations, their instantaneous position is constantly changing (contrary to solid interfaces, whose surface atom positions are fixed). Conventional analysis methods probe interfacial properties relative to a steady flat plane, which implies 55 inevitable information loss as they cannot identify the interfacial molecules and determine the actual distance of the particles to the interface. 2 However, this is extremely important when comparing simulation results to experiments that probe only interfacial molecules. In contrast, intrinsic methods are able to decouple 60 thermally activated capillary waves from the temperatureindependent intrinsic corrugation of the interface, and provide analysis of properties in terms of intrinsic distances.
2-4 Our method (Fig. 2) is based on first identifying the surface atoms by probe spheres of a given size that are dropped from the vapor 65 phase along grid lines perpendicular to the interface, 5, 6 After having identified the set of interfacial atoms one can construct a reference surface that passes through each surface atom. We have recently shown that using triangular interpolation is the most efficient way to compute the position of the interface at any 70 point. 7 The determination of the distance of each site in the system from the instantaneous surface (i.e. the intrinsic distance) makes it possible to compute the intrinsic profile of any property across the interface (further technical details are provided in Supporting Information). Global and intrinsic density profiles of the system across the simulated interfaces are shown in Fig. 3 . The global mass density in Fig. 3a shows a smooth density increase from the vapor to the liquid and only a slight density enhancement near the interface. The intrinsic profile, however, (Fig. 3b) shows much sharper and 5 higher density peaks close to the interface, revealing a strong molecular layering. Fig. 3c shows global density profiles of representative atoms (cf. Fig. 1 ) that belong to interfacial IL molecules (a molecule is considered to be interfacial (i.e., it belongs to the surface layer) if any of its atoms is detected by the 10 intrinsic analysis technique 5, 6 ). The peaks for the different atoms follow each other in a consecutive order from C22 to C9, which illustrates that the cations are mainly oriented with their butyl chains toward the vapor phase. The anion is on average located close to the N1 atom. The most interesting aspects of Fig. 3c,   15 however, are the long tail of the C22 profile towards the liquid (marked with an arrow) and the shoulder of the C9 profile towards the vapor, which suggest more complex molecular arrangements at the surface. What are merely hints in the global profiles arise as distinct features in the intrinsic profiles of Fig.   20 3d, since different molecular orientations give rise to clearly distinguishable peaks. For example, the C9 atom shows a sharp peak near the vapor, corresponding to atoms that are part of the actual IL surface, and a large peak in the direction of the liquid, which corresponds to atoms that belong to interfacial molecules 25 but that are further away from the actual surface. and intrinsic number density profiles for atoms belonging to molecules found at the interface by our intrinsic method. 4 A more complete picture can be obtained by performing a full orientation analysis 14 of the interfacial cations. The joint bivariate 35 distribution of the polar angular coordinates of the surface normal (P(cos ϑ,ϕ)) can be determined in a molecule-fixed coordinate frame (see Fig. 1 ). The origin of this frame is fixed on the C2 atom; the z axis is parallel with the symmetry axis of the imidazolium ring, while the y axis is parallel with the NN axis of 40 the molecule. The x axis is perpendicular to the ring plane. The information obtained from the orientation analysis of the bmim ring (shown in Fig. 4) can be completed by investigating the orientation of butyl chains -we calculated the distribution of the cosine of the angle (α) between the surface normal and the vector 45 pointing from the first (C13) to the last (C22) carbon atom of the chain (Fig. 5) . If we combine this detailed orientation analysis with the intrinsic profiles of Fig. 3d , we can obtain an unprecedented picture of the IL surface. The most important molecular orientations identified in this study are shown in Fig. 6 . zone A of the C22 profile, zone C of the C9 profile and zones B and C of the C2 profile. In these regions, the butyl chain is extended toward the vapor phase (circles in Fig. 5 ). in region A of atom C2 and orientation III in region C of atom C22 (see Fig. 4 ).
The coupling of the intrinsic profiles with the orientation maps reveals two other important arrangements of surface cations. In orientation II (Fig. 6) , the ring is oriented parallel to the surface giving rise to a peak at cos ϑ = -0.27 (ϑ ≈ 106°) and ϕ = 90°. This peak dominates the map for zone A of the C2 profile and 5 also clearly appears in zone A of the C9 profile (Fig. 4) . In this orientation, the butyl chain also prefers to extend toward the vapor phase (squares in Fig. 5 ). It should also be noted that orientation II exhibits a wide variability in values of cos ϑ, from about -0.7 to about 0.8, but a very narrow range of ϕ values. This means that although on average the ring is parallel to the surface, it actually has great freedom to tilt along the NN vector.
Fig. 6
The three most important molecular orientations of the imidazolium cations found in our study. The relative prevalence 15 of each typical orientation is also indicated.
Finally, we are able to identify a completely new arrangement, orientation III in Fig. 6 , in which the ring is perpendicular to the surface, the methyl group is pointing toward the vapor and the 20 butyl chain is on the liquid side. This is manifested by a peak at cos ϑ = -0.20 (ϑ ≈ 102°) and ϕ = 180°, which appears clearly in zone C of the C22 profile. It also appears in zone A of the C9 profile because these atoms are part of the surface layer, and in zone B of the C2 profile. Interestingly, in this orientation the 25 butyl chains have a much broader distribution (triangles in Fig.  5) , with a weak preference for lying at 120° from the surface normal. This behavior is probably due to packing constraints on the liquid side of the interface that prevent the chain from extending toward the bulk.
30
Having identified the preferred orientations, we can go further and estimate their relative importance by integrating the peaks of the intrinsic density profiles in Fig. 4 . The results show that about 7% of IL interfacial cations are in orientation III, 15 16% in orientation II, 16 and 70% in orientation I. 17 The remaining 7% of 35 molecules are in less meaningful arrangements (see, e.g., zone B of C9). Although the percentages obtained may depend on the details of the method and on the molecular model, they provide a reliable estimate of the relative significance of each orientation. Experimental methods and previous simulation studies have 40 provided only a partial view of surface IL cation orientations. SFG spectroscopy and surface tension measurements show that butyl chains are located mostly on the vapor side, but are inconclusive about the orientation of the ring. 1 Conversely, direct recoil spectroscopy (DRS) data interpreted on the basis of a 45 single molecular arrangement suggest that the ring is perpendicular to the surface, but the butyl chains are parallel to it. 13 Integration of our density profiles for surface atoms, considering the 3 preferred orientations shown in Fig. 6 , yields surface atom ratios of 2.12 for H/C and 0.54 for F/C. 50 Interestingly, these ratios are consistent with the DRS data. 13 Finally, recent simulations have suggested the presence of both orientations I and II. [9] [10] [11] [12] With the maps obtained from the global density profiles (Fig. S2) , we can confirm that orientation II is predominant on the outer, convex regions of the surface, as 55 suggested by those studies. Importantly, though, no previous simulations or experiments were able to unequivocally identify orientation III for IL cations.
In summary, we applied for the first time an intrinsic sampling approach to an ionic liquid, obtaining a molecular-level view of 60 the surface with unprecedented detail. Our results suggest that experimental data should be reinterpreted considering a distribution of molecular orientations, rather than assuming a single preferred arrangement. This work helps resolve existing conflicts between simulations and experiments, and demonstrates 65 the importance of intrinsic analysis techniques in the study of fluid interfaces.
15 Obtained by integrating the peak for zone C of the C22 profile, composed exclusively of molecules in orientation III. 16 Integrating the peak for zone A of the C9 profile (composed of molecules in orientations II and III) and subtracting our estimate for orientation III. 5 17 Integrating the peak for zone C of the C9 profile.
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Supporting information
Technical details
To describe molecular interactions the widely used all-atom model developed by CanongiaLopes and Pádua was applied.
1,2 512 ion pairs were simulated on the NVT ensemble in a rectangular simulation box of dimensions 5 nm × 5 nm × 13 nm using the Gromacs simulation package. 3 The thickness of the fluid was around 7 nm. The temperature was kept constant at 298.15 K with the velocity rescaling method. 4 Electrostatic interactions were truncated in real space beyond a cut-off radius of 1.5 nm. To account for the long range part of the electrostatic interaction the PME method was used. 5 Dispersion interactions were truncated by smoothly decreasing to zero between 1.1 and 1.2 nm, with long range corrections applied beyond this region. After a 12 ns long equilibration run, several independent calculations were performed with a total simulation length of 80 ns. The time step of the simulation was 2 fs. Configurations were stored at every 2 ps during the production giving in total a sample of 40000 configurations. According to the original parameterization of the potential, all C-H bonds were kept fixed as well as the geometry of the rigid anion using the SHAKE algorithm. 6 For the basis of the applied ITIM method for detecting the true set of interfacial molecules the reader is referred to the paper of Pártay et al. 7 Test lines were arranged in a 100 × 100 grid along the XY face of the simulation cell. This test line density gives an optimal grid spacing of 0.05 nm. 8 The radius of the probe spheres was set to 0.2 nm, since this value was successfully applied to several different organic phases. 8, 9 Note, however, that this parameter should be, in principle, optimized for each phase, but this was left for future work. One can, however, reasonably argue that the precise value of this parameter should have only a small influence on the results, as demonstrated previously. [7] [8] [9] Intrinsic properties were calculated by constructing a surface passing through all the surface atoms, based on an efficient triangular interpolation.
S2
hence all density profiles shown here are averaged over the two sides of the liquid phase. For the orientation analysis we adopted the bivariate distribution method of Jedlovszky et al. with the coordinate frame described in Figure 1 .
11
Additional Figures Figure S1 . Orientation distribution of cation rings in the whole interfacial layer. The map is dominated by the most prevalent orientation (orientation I).
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